Reducing skin friction is important in nature and in many technological applications. This reduction may be achieved by reducing stresses in turbulent boundary layers, for instance tailoring biomimetic rough skins. Here we take a second approach consisting of keeping the boundary layer laminar as long as possible by forcing small optimal perturbations. Because of the highly non-normal nature of the underlying linearized operator, these perturbations are highly amplified and able to modify the mean velocity profiles at leading order. We report results of wind-tunnel experiments in which we implement this concept by using suitably designed roughness elements placed on the skin to enforce nearly optimal perturbations. We show that by using this passive control technique it is possible to sensibly delay transition to turbulence. For streamlined bodies moving in fluids the viscous drag is generated in the thin boundary layer surrounding the body skin, where the velocity of the fluid decreases to zero at the surface. In the upstream part of a streamlined body, the boundary layer flow is laminar: its velocity profiles are steady and stable to the small perturbations introduced by imperfections of the skin, turbulence in the incoming flow, and other noise sources. It is, however, well known that sufficiently far downstream (where the Reynolds number Re U 1 x= based on the incoming velocity U 1 , the downstream distance from the leading edge x and the kinematic viscosity of the fluid, exceeds a critical value) the flow becomes unstable and small perturbations can be amplified, leading to transition to turbulence when they exceed a critical finite amplitude [1] . Owing to the increased shear stresses the mean skin friction of a turbulent boundary layer is typically an order of magnitude larger than that of a laminar flow. In the turbulent regime, drag may be reduced by different means [2 -5] , not rarely inspired by nature and its evolution [2, 6] . An alternative approach to reduce the viscous drag is to shift the transition point downstream [7] . The simplest configuration used to test transition prediction and control tools is the boundary layer on a flat plate. In this case, the laminar boundary layer flow is given by the family of Falkner-Skan self-similar solutions and the unstable waves are the so called Tollmien-Schlichting (TS) waves [8] .
Recent numerical simulations [9] and stability analysis [10] predicted that narrow spanwise modulations of the boundary layer thickness, the so called streaks, can have a stabilizing effect on low amplitude TS waves. Boundary layer streaks can be very efficiently generated by inserting streamwise vortices near the leading edge of the flat plate. If these vortices are of ''optimal'' shape, their energy can be amplified of ORe 2 through the lift-up effect [11, 12] . This effect exploits the strong non-normality of the underlying stability operator [13] . Recent wind-tunnel experiments have shown that steady and stable streaks of moderate amplitude can be induced by generating nearly optimal vortices with cylindrical roughness elements placed near the leading edge [14] , and proved that these streaks have a stabilizing effect on the TS waves [15] . However, secondary instabilities and the final breakdown to turbulence set in when the Tollmien-Schlichting waves reach amplitudes larger than those previously investigated. At finite amplitudes, TS waves are likely to nonlinearly interact with the streaks and the impact of this interaction on the stability of the boundary layer is still partially unclear. Boiko et al. [16] found that, in the presence of unsteady and randomly distributed streaks, TS waves are stabilized in the mean when they are of small amplitude. However, when forced at larger amplitudes, they promote transition. In the case of the nonlinear interactions of TS waves and streaks associated to Görtler vortices, which arise as a primary instability in boundary layers on concave surfaces, theoretical [17, 18] and numerical [19] analyses predict a destabilizing effect. An additional matter of concern is that, as it is well known, if the streaks reach a critical threshold amplitude, they become unstable to high frequency waves characterized by growth rates 1 order of magnitude larger than those of the TS waves. These initiate a breakdown to turbulence, usually referred to as ''bypass'' [20, 21] , which is more likely to occur in the presence of high levels of the external perturbation. It is therefore not currently clear whether the stabilizing action of the streaks on the small amplitude TS waves can be effectively used to delay transition in the boundary layer. Transition to turbulence is indeed an inherently nonlinear phenomenon and one should not only consider the laminar basic flow but other nontrivial attractors or repellors of the whole system [22] . As recently shown, streaks play an important role in the formation of these states and it can therefore be argued that by forcing them the flow is brought closer to the nontrivial states. Here, instead of embarking in a theoretical and/or numerical stability analysis of the nonlinear interactions between finite amplitude TS waves and streaks, with all the necessary but restricting simplifying assumptions needed to obtain some tractable cases, we decided to directly experimentally ascertain whether any transition delay is observed when streaks are forced in a transitional boundary layer. The aim of this investigation is therefore to prove that controlled low energy optimal perturbations can, due to their large transient amplification in a non-normal system, effectively stabilize that system even in the nonlinear regime and can indeed be used for control purposes. Such a conclusion would be of interest in applications where the importance of non-normality and transient growth has been recognized, such as lasers [23] , ionosphere's dynamics [24] , magnetohydrodynamics [25] , plasma physics [26, 27] , granular flow dynamics [28] , and thermocapillary driven spreading [29] to cite only some.
The boundary layer flow under investigation is forming on a flat plate mounted horizontally in the test section of the minimum-turbulence-level (MTL) wind-tunnel at KTH Mechanics. The dimensions of the test section are 7:0 0:8 1:2m 3 and the flow is subject to a weak adverse pressure gradient (by adjusting the ceiling) which enhances the instability and thus favors transition. For a more thorough description of the wind-tunnel and experimental setup see Ref. [15] . A free-stream velocity at the leading edge of U 1 5:0m s ÿ1 was kept constant throughout all experiments. Owing to the convective nature of boundary layer instabilities, the transition location strongly depends on the type and level of environmental noise. In the present configuration natural (unforced) transition occurs far downstream, outside the measurement region. Therefore to obtain a well-defined and reproducible transition location, disturbances were forced in a controlled way following the classical approach [30 -32] . As in a previous experiment [15] , TS waves were introduced by unsteady blowing and suction at the wall through a slot in a plug (Fig. 1) . The sinusoidal signal is computer generated through a D=A board to an audio amplifier driving two loud speakers, which were connected to the slot through vinyl hoses. A frequency (f) of 32 Hz has been selected so that transition could be triggered within the observation and measurement regions after the exponential growth of the TS waves. The amplitude of the signal to the loud speakers was quantified by measuring the ac output voltage from the amplifier with a voltage meter.
To visualize the flow state, smoke is injected through a second slot (see Fig. 1 ). A CCD camera (1280 1024 pixels) is used to record images in an area of 210 168 mm 2 located 1434 mm downstream of the leading edge (Fig. 1) . Without forcing, the two-dimensional laminar flow is observed [ Fig. 2(a) ], whereas forcing with the amplifier set at 201 mV triggers a turbulent flow in the observation window [ Fig. 2(b) ]. The same experiment is then repeated in the spanwise modulated boundary layer flow. The modulation is obtained as in Ref. [15] , i.e., by pasting on the flat plate 42 cylindrical roughness elements (diameter 4:2m m and height 1:4m m ) periodically spaced in the spanwise direction by 14.7 mm and at a 064501-2 distance of 80 mm from the leading edge. Here it should be emphasized that the net drag increase due to the presence of the streaks is less than 3.5% compared to the 2D base flow. This estimation is based on a momentum balance analysis, performed on a similar streaky base flow, using 30 wall-normal velocity profiles per period of the streaks in the spanwise direction and at five different downstream positions in the interval 19-572 roughness heights or Re 18-16710 3 . The streaky base flow induced by the roughness is shown in Fig. 2(c) . When subject to the same disturbance forcing as before this streaky flow remains laminar in the visualization region. Even when the excitation amplitude is doubled to 450 mV, as shown in Fig. 2(d) , the flow is kept laminar. The experiment has then been repeated removing the roughness elements on one half of the plate. The half-streaky basic flow obtained in the absence of disturbance forcing is shown in Fig. 2(e) , while in Fig. 2(f) we observe a forced case with an amplitude of 157 mV. It is clear from the figures that the modulated boundary layer is laminar while the two-dimensional flow is transitional.
Quantitative data have been obtained by hot-wire measurements of the streamwise velocity component U along the plate at constant dimensionless height, y= 2:2, where x=U 1 1=2 measures the boundary layer thickness. To force three-dimensional disturbances, a classical procedure was used [33] , i.e., thin 50 50 mm 2 tape spacers were pasted on the flat plate just downstream of the blowing/suction slot. The streamwise distribution of the temporal root mean square (rms) of the velocity fluctuations and two typical hot-wire time signals, induced by a forcing of 1000 mV, are reported in Fig. 3 . In the absence of streaks the classical K-type transition scenario is observed [33, 34] . Linear TS waves [ Fig. 3(b) ] of small amplitude evolve into finite amplitude nonlinear waves, characterized by the appearance of spikes in the hot-wire traces. This leads to an increase of the rms velocity to a peak level [33] where the flow is transitional. Transition is completed when the perturbation rms velocity reaches a plateau (x 1650 mm) where a fully turbulent signal is observed [ Fig. 3(c) ]. In the presence of streaks the flow is laminar: the forced perturbations remain of small amplitude and sinusoidal all along the measurement region as it can be seen comparing the signals with and without streaks at x 1650 mm in Fig. 3(c) . Thus, we show that it is possible, using the streaks, to maintain TS waves at low amplitudes in a boundary layer flow which otherwise would be transitional in the absence of the streaks. Increasing the excitation amplitudes of the TS waves, transition is observed also in the streaky boundary layer, even though further downstream than in the twodimensional boundary layer and no delay is observed for forcing amplitudes larger than 2000 mV. Transition is never observed to occur earlier in the streaky flow than in its two-dimensional counterpart. These results are in accordance with the observation in Ref. [16] that forcing TS waves with high enough amplitudes into a streaky boundary layer transition is promoted. These findings also imply that in the present configuration there is no significant destabilizing action due to the nonlinear interactions between streaks and TS waves and therefore the low amplitude stabilizing action of the streaks on the TS waves is able to delay transition. The results are essentially unchanged when random noise is added to the forcing. Transition delay is also observed when white noise with amplitude of 10% of that of the periodic signal is added in the excitation signal, showing that the delay mechanism is robust for strongly colored noise. Experiments were also performed by forcing large amplitude 2000 mV white noise without the sinusoidal signal. TS waves of all frequencies are thus excited with random phase shifts. In Fig. 4(a) we show the streamwise evolution of the temporal root mean square of the perturbation whereas in Fig. 4(b) the intermittency factor is displayed. The latter measures the fraction of turbulent signal in the hot-wire trace [35] , and a value of 0:5 is often used as a measure of transition location whereas 0:1 is used to determine the transition onset. Even in this case, the streaks delay transition (385 mm delay of the location where 0:1 and 370 mm delay of the 0:5 position). In Fig. 4 one may also observe that the rms-velocity peak in the streamwise direction corresponds [35] to an intermittency factor of about 0.5.
In conclusion, we have shown that transition to turbulence in a boundary layer can be delayed by a passive method. Thus, contrary to the common belief of fluid 
